ATP and its metabolites are usually determined by high performance liquid chromatography (HPLC) in either ion-exchange or reversed-phase partition mode. Although ion-exchange HPLC is widely used for nucleotide determination, it has several disadvantages, such as: (1) impossibility to determine the nonionic metabolites, (2) need for gradient elution and time-consuming regeneration of the column after each run and (3) need for a high salt concentration in the mobile phase, leading to a rapid deterioration of pump seals. Several authors have reported the use of reversed-phase HPLC.'-8 However, most of them have determined only a few metabolites, some by employing an ion-pairing reagent which sometimes deteriorates the column''8, others by employing gradient elution which is more troublesome than isocratic elution.2'8
ATP and its metabolites are usually determined by high performance liquid chromatography (HPLC) in either ion-exchange or reversed-phase partition mode. Although ion-exchange HPLC is widely used for nucleotide determination, it has several disadvantages, such as: (1) impossibility to determine the nonionic metabolites, (2) need for gradient elution and time-consuming regeneration of the column after each run and (3) need for a high salt concentration in the mobile phase, leading to a rapid deterioration of pump seals. Several authors have reported the use of reversed-phase HPLC.'-8 However, most of them have determined only a few metabolites, some by employing an ion-pairing reagent which sometimes deteriorates the column''8, others by employing gradient elution which is more troublesome than isocratic elution.2 '8 Here, we describe the separation of ATP and its metabolites by reversed-phase HPLC using isocratic elution on both capped and uncapped silica-based columns.
Silica-based reversed-phase packings are made by attaching a hydrophobic group, such as octadecyl, to silica; in some cases this is followed by treatment with a capping reagent in order to block any unreacted silanol. Capped columns are generally preferred since uncapped columns are inferior regarding separation efficiency, and retain tightly basic compounds which have an affinity for acidic silanols. However, we thought that an uncapped column might be more suitable than a capped type for the separation of weakly basic metabolites and investigated the effects position for each column.
Experimental t To whom correspondence should be addressed.
or zwitterion of the mobile metabolites, phase comHigh performance liquid chromatography The instruments used were a 6000A solvent delivery system, a U6K injector, a 441 absorbance detector (Millipore Co., Waters Chromatography Div., Milford, MA, USA), and a 3390A integrator (Hewlett-Packard Co., Avondale, PA, USA). The flow rate was 2.0 ml/ min, and the effluent was monitored at 254 nm. Chromatography was performed isocratically at room temperature (24 to 26° C).
The uncapped column used was a Waters Radial-Pak C18 Resolve cartridge (100X8 mm i.d., octadecyl stationary phase bound to 5 or 10 µm spherical silica). The fully capped column was a Waters Nova-Pak C18 cartridge (100X8 mm i.d., octadecyl stationary phase bound to 4 µm spherical silica). Upon completing the analysis, we washed the column with water, methanolwater (1:1, v/ v), methanol, and methanol-water (1:1, v/ v), successively.
A pH 6.9 phosphate buffer was prepared by mixing a KH2P04 solution with a K2HP04 solution (equal concentration and equal volume). When an alkaline ion-pairing reagent was added to the buffer, the pH was adjusted with phosphoric acid; acetonitrile was then added to the solution. Although the solutions for the mobile phase were degassed under vacuum before use, the solutions which contained such volatile compounds as acetonitrile and triethylamine were degassed by sonication.
Theoretical plate numbers were calculated by using the equation N=16X(R/ W)2, where R is the retention time and W is the time corresponding to the width of the peak bottom.
Chemicals
Nucleotides, nucleosides, bases and 5'-nucleotidase (from Crotalus atrox venom, activity: 67 units/ mg protein) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Powder (2.5 mg) of 5'-nucleotidase was dissolved in 0.20 ml of a pH 9.0 phosphate buffer. Trimethylamine (CH3)3N (about 30% in water), triethylamine (C2H5)3N, tetrapropylammonium bromide (C3-H7)4NBr, tetrabutylammonium bromide (C4H9)4NBr were from Nakarai Chemicals (Kyoto, Japan).
Extraction from biological specimen
Blood, liver and skeletal muscle were taken from an anesthetized pig and deproteinized by the procedure of Hull-Ryde et a1. 4 To the heparinized blood (2 ml) was added cold 0.6 M HC104 (4 ml); the solution was maintained at 4° C for 10 min and then centrifuged. To 3 ml of the supernatant was added 2.5 M K2C03 (about 300 µl) dropwise while stirring for neutralization. The neutralized solution was centrifuged, and the supernatant (25 µl) was injected into the chromatograph. Liver or muscle tissue weighing between 200 and 500 mg was frozen immediately after the biopsy, minced with scissors, and homogenized in cold 0.6 M HC104 (1.8 ml to 200 mg tissue) with a glass-glass homogenizer. After centrifugation, the supernatant (600 µl) was neutralized with 2.5 M K2C03 (about 70 µl) and then centrifuged; the supernatant (25 µl) was injected into the chromatograph.
For peak identification, a 200 µl portion of the supernatant was mixed with a 5 sl solution of the enzyme (5'-nucleotidase) and kept at room temperature; a 25 µl portion was injected. Results and Discussion
Effect of organic solvent As the acetonitrile concentration in the mobile phase increased, all of the tested compounds (ATP, ADP, AMP, inosine 5'-monophosphate, adenosine, inosine, adenine and hypoxanthine) were eluted earlier from the capped or uncapped column either in the absence or presence of the ion-pairing reagent. Methanol had the same effect as acetonitrile. These results coincided with generally recognized findings for the reversed-phase partition mode.
Effect of ionic strength Figure 1 shows the effect of the phosphate buffet concentration in a mobile phase which contained no ion-pairing reagents. As the buffer concentration at pH 6.9 increased, ATP, ADP and AMP were retained more strongly on the uncapped column. The retention time of hypoxanthine, which has no negative charge, did not change. The other salts, KCl and (NH4)H2P04, had the same effect. These results indicated that a higher ionic strength is required for optimal separation of ATP, ADP and AMP in the absence of any pairing reagents on the uncapped column. On the capped column, the retention times of the nucleotides, nucleosides and bases did not change with an increase in the ionic strength.
Effect of triethylamine as an ion pairing reagent Figure 2 shows the effect of triethylamine on the retention on both uncapped and capped columns. ATP, ADP, AMP and inosine 5'-monophosphate (IMP) were retained longer with this reagent because of ion-pair formation; the elution order of these adenine nucleotides became inversed as the reagent concentration increased from 0% to 1.0% (in volume).
Although the retention times of the nucleotides reached a plateau at 2.0% on the uncapped column, on the capped column they reached a maximum at 1.0% and then decreased when over 1.0%. Adenosine and some other molecules which have no phosphate group were eluted earlier as the reagent concentration was increased.
These results suggest that triethylamine contributes to retention by: (1) ion-pair formation with a negatively charged nucleotide to lengthen the retention time, (2) the acting as an organic solvent to shorten the retention time and (3) repulsion toward such basic compounds as adenine and adenosine to shorten the retention time after adsorption of triethylamine on the stationary phase.
As Fig. 3 shows, the nucleotides were eluted earlier Effects of other ion pairing reagents Figure 4 shows the retention times of ATP, ADP, AMP and adenosine on both uncapped and capped columns without or with the use of various ion-pairing reagents.
In the absence of ion-pairing reagents (top graphs in Fig. 4 ) the elution was in the order of negative charge (ATP, ADP, AMP and adenosine) on either column. The uncapped column retained these four compounds more strongly than the capped type due to the affinity of the adenine base moiety to the acidic silanol. By the addition of ion-pairing reagents, ATP, ADP and AMP were retained longer, and adenosine was eluted earlier.
The effect of ion-pairing reagents was dependent on both the length of the alkyl chain and basicity, and was in order (C4H9)4N+, (C3H7)4N+, (C2H5)3N and (CH3)3N. The use of (C4H9)4N+ was not practical, since broad or tailing peaks were sometimes obtained and extensive washing of the column was required after use. This reagent might be strongly adsorbed on the stationary phase because of its four highly lipophilic butyl groups and might damage the silica due to its strong basicity. Folley et a1.2 also reported that this quaternary ammonium altered the column characteristics and sometimes drastically shortened the life of the column. The other reagent, (CH3)3N, was not suitable since it is volatile and has a weak effect. The other two reagents, (C3H7)4N+ and (C2H5)3N, were suitable.
The effect of the weakly basic (C2H5)3N was almost maximum at 73 mM (corresponding to 1.0%, shown in Fig. 2) , and the effects of the strongly basic (C3H7)4N+ and (C4H9)4N+ were maximum at much lower concentrations (2.5 to 5 mM).
Effect of pH
As shown in the upper graphs of Fig. 5 , the nucleotides (ATP, ADP, AMP and IMP) were retained longer at pH 3.0 than at pH 6.9 in the absence of any pairing reagent, because of a decrease in negative charge of the phosphate group at pH 3.0. Adenosine (pK=3.5) and adenine (pK=4.15) were eluted earlier from the capped column at pH 3.0 owing to the acquirement of positive charge.
As shown in the lower graphs of Fig. 5 , ATP, ADP and AMP were eluted more rapidly at pH 3.0 in the presence of triethylamine. IMP was retained slightly longer at pH 3.0 since IMP acquires no positive charge. Therefore, the acquired positive charge at the adenine moieties was a major factor regarding retention; the decrease in negative charge at their phosphate moieties was not a major factor after ion-pair formation. However, various other factors might be involved in these pH effects, such as the charge of the pairing reagent and that of silanol.
Theoretical plate number
As shown in Table 1 , the theoretical plate numbers of ATP, ADP and AMP were small in the absence of an ion-pairing reagent on the uncapped column. Upon the addition of the ion-pairing reagent, the number increased by about 1.5 to 3 times, probably due to a change in the separation mode from the partition mode plus a silanol-philic mode to an ion-pair partition mode.
The uncapped column packed with 10 µm particles gave a similar separation property to that with 5 µm particles, but gave sharper peaks for the nucleotides. The results with the 10 tm uncapped column are therefore given in this report.
Application to the analysis of biological specimens As shown in Fig. 6 , ATP, ADP and AMP in the whole blood of a pig were separated on the uncapped column by the use of triethylamine. For the identification of these peaks, the sample was treated with an Each value represents mean of two experiments. Following is the composition of the mobile phase: a, 50 mM phosphate buffer (pH 6.9); b, 3.5% CH3CN in 50 mM phosphate buffer (pH 6.9); c, 2.0% NEt3 (neutralized with phosphoric acid) and 3.5% CH3CN in 25 mM phosphate buffer (pH 6.9); d, 50 mM phosphate buffer (pH 6.9); e,1.0% NEt3 (neutralized with phosphoric acid) in 25 mM phosphate buffer (pH 6.9); f, 2.5 mM N+Pr4 in 25 mM phosphate buffer (pH 6.9).
enzyme, 5'-nucleotidase. After the treatment, the ATP peak disappeared, and the peaks of ADP and AMP became high and then disappeared; the peak of adenosine, which is the final product of the enzyme reaction, appeared. As shown in Fig. 7 , the AMP content in the liver was much higher than the ADP or ATP content. The peaks were also identified by the use of the enzyme. A pig showed symptoms of malignant hyperthermia after being injected with succinylcholine. Muscle was collected both before and after the onset of symptoms (muscle rigidity, high fever, etc.). As Fig. 8 shows, inosine and hypoxanthine increased after the onset, probably because of the high rate of ATP degradation in rigid muscle.
The detection limit was about 10 to 50 pmol in a 25 µl injection volume. It was difficult to separate more than four ATP-related compounds in a biological specimen by a single isocratic HPLC.
Therefore, conditions suitable for a simultaneous determination of some of the compounds must be selected in consideration of the above results. The followings are examples of suitable conditions, though described only in brief: Fig. 6 Chromatograms of extracts of pig whole blood before and after treatment with 5'-nucleotidase. The ATP concentration was determined to be 675 nmol/(ml blood), and ADP to be 270 nmol/(ml blood). AU: absorbance unit. Stationary phase: uncapped Radial-Pak C18 Resolve. Mobile phase: 2.0% NEt3 (neutralized with phosphoric acid) and 3.5% CH3CN in 25 mM phosphate buffer (pH 6.9). Fig. 7 Chromatograms of extracts of pig liver before and after treatment with 5'-nucleotidase. The AMP concentration was determined to be 1950 nmol/(g tissue), and ADP to be 110 nmol/ (g tissue). Stationary phase: uncapped RadialPak C18 Resolve. Mobile phase: 50 mM phosphate buffer (pH 6.9). Fig. 8 Chromatograms of extracts of pig muscle before and after the onset of muscle rigidity. The inosine concentration was determined to be 15 and 72 nmol/(g tissue) before and after the onset, respectively. The hypoxanthine concentration was determined to be 39 and 105 nmol/(g tissue) before and after the onset, respectively. Stationary phase: uncapped Radial-Pak C18 Resolve. Mobile phase: 3.5% CH3CN in 50 mM phosphate buffer (pH 6.9).
